We investigate conformations and effective interactions of polymer-coated nanoparticles adsorbed at a model liquid-liquid interface via molecular dynamics simulations.
Introduction
The self-assembly of nanoparticles (NPs) at liquid-liquid interfaces is a promising technology to create two-dimensional nano-structured materials. 1, 2 In order to harness the potential for applications, it is necessary to control the particle-particle interactions at the interface.
For instance, in the specific case of new materials with prescribed optical properties, e.g.
in plasmonic sensing applications 3 or for the fabrication of liquid mirrors, 4 exact control over the distances between nanoparticles is crucial. Several specific interactions are present at liquid interfaces, 5 both attractive and repulsive, that can be controlled by tuning the nanoparticle surface properties. Unless necessary to produce highly elastic interfacial films, e.g. for food emulsion stabilization, 6 agglomeration of the particles, mostly due to attractive Van-der-Waals forces, is undesirable for maintaining interface fluidity and allowing the evolution of the interface microstructure towards equilibrium. Particle stabilization is often achieved via steric repulsion achieved by grafting polymers onto a solid nanoparticle core.
The presence of the asymmetric environment, often implies that the requirements for stabilization at an interface are more stringent than in the bulk. 7 For instance, it has been shown that densely grafted poly(ethylene glycol) (PEG) brushes of molecular weight 1.5kDa
provide excellent stabilization in bulk, even at high temperature, but fail to prevent aggregation at a water/n-decane interface. 8 Understanding the details of the interactions between polymer-stabilized nanoparticles at interfaces still presents many open questions and has direct practical relevance.
In most cases, NPs can be adsorbed at a liquid interface because the interfacial tension between the liquids is higher than between the NP and the liquids. Thus adsorption reduces the direct high energy contact area between the two solvents. 9 The effective adsorption energy for hard, spherical colloids has a simple geometrical dependence on radius and contact angle and can range from ∼ 10 6 k B T for micron-sized particles 10 to 1-10 k B T for nanometer sized particles. 11 Hence, the particles can be fairly irreversibly bound to the interface. A simple thermodynamic argument for the adsorption 9 predicts a parabolic shape for the interaction potential of a spherical particle with a flat interface; molecular simulations have shown that such simple thermodynamic arguments approximately hold for nanoparticles although microscopic effects such as capillary waves can become important.
12-14
For polymer-coated nanoparticles the situation may be more complex. Polymers can also be adsorbed at the liquid interface, even in the absence of explicit amphiphilicity. 15 In the case of stabilizers with a length scale comparable to the NP size, the simple definitions of the contact line or of the particle size at the interface become non-trivial. The paradigm of spherical particles no longer necessarily holds and the full details of the interactions of the polymers with the two solvents and with the interface may be crucial in determining the adsorption energy. Measurements of the latter without any assumption on particle size and interface microstructure become therefore necessary. 16, 17 In particular, recent measurements of PEG-grafted nanoparticles reported adsorption energies of the order of 1000k B T , 17 indicating strong interfacial trapping. Recent simulations of dendrimers 18 have also shown that these can have adsorption energies comparable to nanoparticles; indeed in many cases the adsorption strength is higher for dendrimers due to their ability to change conformation at the interface to maximise the decrease in interfacial free energy and the interactions between the monomers and their preferred solvent. In the case of core-shell nanoparticles the polymer shell around the NP core may similarly deform at the interface, depending on the solvation quality of the liquids with regard to the polymers. In this work, we aim at filling this gap and study conformations and effective interactions of polymer-coated NPs at liquid interfaces using numerical simulations with an explicit solvent model. We focus on the effect of the polymer conformations at the interface and of the solvent quality on the effective NP interactions. The paper is organised as follows:
We first introduce our model, before we describe the main results for single particles at the interface, in particular the influence of the interface on the polymer conformations. Then, the effective interactions for two solvents which are identical in regard to the polymers are discussed and we present our results for the effective interactions in systems with a wetting angle Θ 0 ̸ = 90
• . We close with a discussion of the results and concluding remarks.
Model and numerical details
We consider two immiscible liquids, with a diffuse interface between them, and core-shell nanoparticles which are adsorbed at the interface. The solvent particles are modelled as spheres interacting via a Lennard Jones potential
where σ is the particle diameter and r the inter-particle distance. The interaction is cut and shifted at a distance r c so that U (r c ) ∼ = 0. In the following we will use the usual reduced units with ϵ as unit energy scale, σ as the unit length scale and all particles have unit mass m.
We consider two types of particles, A and B, to model the two liquids. The combination of repulsive interactions between A and B and attractive interactions between particles of the same type leads to the development of a stable interface between the two liquids. The
Lennard-Jones potential is used for both types of interactions, but choosing r c = 2 1/6 σ leaves only the repulsive part of the potential while r c = 2.5σ is used to model attractive interactions. This simple model is able to reproduce interfacial effects like capillary waves and nanoparticle adsorption and it has been successfully used to investigate effects at liquidliquid interfaces with and without additional components.
14,18,37-39
For a NP we use a large spherical particle as core onto which the first monomer of the polymer chains are grafted. The core and first monomers are treated as a rigid unit. We assume that, in absence of a strong anisotropy, the possibly irregular shape of the nanoparticle core can be neglected, especially when the polymer shell is dense enough that the chains are stretched and their length is on the order of, or larger than, the core size. 33 This description translates into a shifted Lennard-Jones potential to model size differences between particles:
, r < r c + ∆ We performed molecular dynamics simulations using the LAMMPS simulation pack- monomers. In the case of particles made with chains of L = 5 monomers, the box size is l z = 50σ and we used 28 · 10 3 solvent molecules of each type.
We have characterized the conformations of particles adsorbed at the liquid interface in function of the distance R 2d between the particle cores in the interface plane has been done using umbrella sampling. 14,42 The (biased) probability distribution P R 0 (R 2d ) is determined from the data for runs with different R 0 , and the final (unbiased) probability distribution P (R 2d ) is determined using weighted histogram analysis. 43 The free energy is then given by
Conformations of single particles at the interface and adsorption energies
For single particles at the liquid interface, the shape of the polymer shell is dictated by the competition between minimizing the monomer-solvent interface area, reducing the interface area between the two solvents and maximizing the conformational entropy of the polymers. with the polymers forming a denser layer at the liquid interface and the chains at the interface being extended compared to the chains oriented towards the bulk. For particles in the poor solvent ( Fig. 1 (a) ) we find a compact polymer shell which is smoothly deformed towards the interface. Upon increasing the solvent quality, the polymer shell around the particle begins to swell ( Fig. 1(b) ) as the energy penalty associated with contact between the polymer and solvent becomes smaller. When the polymer is at the interface between two good solvents (ϵ a,b = 1) the minimisation of polymer-monomers surface area no longer matters and the polymers at the interface form a dense disk. There is a clear separation between polymers either being at the interface or pointing towards the bulk of the solvent ( Fig. 1 (c) ).
The influence of the liquid-liquid interface on the polymer conformation can be quantified by computing the average end-to-end distance of the chains R e as a function of the angle α between the interface plane and the vector connecting their grafting point with the NP-center.
The results plotted in Fig. 2 show the swelling of the chains with increasing solvent quality and the enhanced stretching of the chains closer to the interface. The data also indicate that the chains oriented toward the bulk are more stretched compared to free chains, an effect that can be ascribed to the high grafting density of the polymer brush. The root mean square bond length in our model is √ ⟨b 2 ⟩ = 0.84σ and for a free self-avoiding chain 44 we would If the two solvents are of different quality, the particles will spend the majority of the time in the better solvent, and the overall shell conformation will be similar to the one in the better solvent, as can be seen in Fig. 1 (d) . The particle core can be fully immersed in one phase, with only polymers being adsorbed at the interface, if the polymers are long enough compared to the core size. In our model, we indeed observe this for L = 20 but not for L = 5. Our findings are consistent with the results of numerical simulations of gold nanoparticles grafted with hydrophobic polymers at the air-water interface in Ref. 19 . In particular, we notice a similarity between the density profiles obtained in Ref. 19 and the ones we find for the poor solvent case (Fig. 1 a) Finally, for different combinations of monomer-solvent interactions, we have computed the contour plot of the equilibrium distance ⟨|z|⟩ of NPs from the interface. In Fig. 3 the data for L = 20 are shown; not only the polymer conformation but also the exact particle position depends on the combination of solvents. The larger the discrepancy, the further away from the interface the particle resides. When the distance from the interface becomes greater than the core radius, this indicates that only the polymer shell is in contact with the interface. With decreasing solvent quality, nevertheless, the difference between ϵ a and ϵ b becomes less important.
From the equilibrated conformation of a NP at the interface in the different conditions just described, we can also get an estimate for the desorption energies of the NPs. This has been done by switching on a spring force which acts on the core-particle of the NP and pulls it towards a position z 0 in the bulk. The energy stored in the spring is E = 
Effective NP-interactions for equal solvent qualities
We consider two NPs at the interface connected by a spring force holding them within a given distance of each other and calculate the effective interaction potential between them via umbrella sampling. The time series from the simulations is divided in 4 equal parts and each part is analyzed independently to obtain a potential of mean force (PMF). The time series data are then averaged and the sample-to-sample fluctuations used to obtain the error bars. The interaction potential is computed as a function of the 2-dimensional distance R 2d between the particle cores in the interface plane. here we consider the same polymer solvation for the two solvents. The bare NPs, whose linear size is only a factor 8 larger than the solvent particles, experience an effective attraction due to depletion effects (top inset in Fig. 4 ). This result is consistent with the findings of other molecular simulations.
25, 27 Nevertheless we find that a polymer shell of short chains can screen the attractive interactions and induce a net steric repulsion. The pronounced differences in the shape of the polymer shell in Fig. 1 suggest that the effective interactions between the core-shell particles at the interface depend on the solvent quality. Indeed, we find that the range of the repulsive interaction is strongly affected by the swelling of the polymers. Finally the grafting density of the polymer brush also influences the range of the effective potential substantially via the effect on the chain conformations, as shown in the inset of Fig. 4 , where the PMFs of particles with two different grafting densities are compared.
Similar features are present in the PMF for L = 20 for different solvent qualities, as shown in Fig. 5 . In addition, the figure shows that the PMF can be well fitted over the whole range by a Gaussian potential U (r) = ϵ g exp(−(r/σ g ) 2 ) (dashed lines), as predicted by Flory's theory for dilute polymer solutions. 46 Such finding is in good agreement with previous numerical results for interacting spherical polymer brushes. 32, 35 Despite the fact that the theory should describe only interactions between the outer regions of the polymer shell, we see that the Gaussian function fits the whole range of particle distances within the precision of our calculation. We also notice that the Gaussian fit does not work for the short chains of Fig. 4 , most probably due to the cores whose linear size, in that case, is much larger than the polymer chain length: Fig. 4 shows that for chain length L = 5 the net effective interactions are more dominated by the cores, with a power law type of repulsive potential. The influence of the core at close distances 35 is probably also the reason why we do not detect, at short distances, the logarithmic dependence typical of the interactions between two spherical polymer brushes. 
48-50
We investigate the change in the chain conformations corresponding to different inter-NP distances, by calculating the average end-to-end distance of the chains as a function of the NP distance R 2d . Since we are interested in the chains at the interface, residing between the NPs, we consider only polymers whose grafting point lies in the volume between the NPcores. The results, plotted in Fig. 6 , show that chains at the interface are at first compressed upon approach (roughly 12σ ≲ R 2d ≲ 16σ for L = 5 and 18σ ≲ R 2d ≲ 30σ for L = 20, respectively). Upon closer contact, the chains are stretched again when they are squeezed out from the volume between the NPs. The first compression is more pronounced due to the fact that chains are originally swollen at the interface, but this effect can also be observed in bulk systems 35, 51 .
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In Fig. 7 we plot the average distance of the particle from the interface as a function of the NP distance R 2d for L = 20: the data show that pushing the NPs together over distances In order to unravel the physical mechanisms at the origin of the qualitative differences in the PMF, we have first monitored the concentrations ρ s and ρ m of, respectively, solvent Fig. 8 for different solvent qualities. The data show that the solvent initially filling the gap between the NPs is progressively expelled upon their approach. For ϵ a = 1, the solvent penetrates the polymer shell and ρ s ≥ ρ m for the whole range of R 2d for which the NPs do not detach from the interface, as there is no preference for a monomer to be surrounded by solvent molecules or by other monomers. Upon decreasing R 2d , we observe a relative increase of ρ m with respect to ρ s , indicating that the solvent is expelled from the region between the two NPs. At even smaller inter-particle distances, the data show that both the polymer chains and the solvent molecules are squeezed out, away from the interface.
For decreasing solvent quality, the data in Fig. 8 also show that solvent and monomers tend to segregate, so that for ϵ a,b = 0.1 hardly any solvent is left between NPs at close distances. To elucidate this point further, we compute the density profile of solvent and monomers in the volume between the NPs, shown in Fig. 9 . Overall, close enough to the NP-core, the solvent density is essentially independent of R 2d . Nevertheless, whereas in the good solvent case the polymers are swollen, in the poor solvent case the polymers are in a melt state, with hardly any solvent left. As a consequence, in the poorest solvent investigated, the polymer shell compactifies so strongly, that for the NPs with short polymers (L = 5) interactions are similar to the ones between bare cores, only with a larger effective diameter given by the core and shell size (see the inset of Fig. 4 and Fig. 6 ) .
By comparing the different regimes in the PMF with the concentration of solvent molecules between the NPs in Fig. 8 we gain some further understanding. At large distances, being unfavourable to expel solvent molecules from the low density interface region into the bulk, 53 the PMF is essentially determined by the effective interaction in the polymer melt, which cancels out the attractive depletion interaction between cores. Hence at short distances, where the strength of the repulsion is around 15k B T , the chains at the interface are fairly compressed (see Fig. 6 ). At even shorter distances, the chains are squeezed out from the volume between the NPs and core-core interactions dominate, with the PMF increasing to more than 100k B T . In most experimentally relevant situations, the two liquids forming the interface will interact differently with the polymer shell of the NPs. When the interaction strengths ϵ a and ϵ b differ for the two solvents, the NPs may still be adsorbed, but the majority of the particle will reside in the better solvent (see Fig. 3 ). In Fig. 10 we plot the PMF computed with solvent of different qualities: the data show that upon increasing the solvation disparity between the two solvents ( ϵ a = 1.0 and ϵ b = 0.7), the PMF can develop a kink around 120k B T , where one of the two particles is desorbed and pushed into the bulk phase. Fig. 11 displays indeed the corresponding mean height difference between NPs indicating that, differently from the symmetric solvent case, for large solvation disparities only one of the particles detaches from the interface whereas the other one remains at the equilibrium position. The findings for this particular asymmetric enough good solvent case can be rationalised by considering that the particles interact first through chains in the bulk. Because the NPs are submerged, the chains adsorbed at the interface won't have the same extension as in the symmetric case (see Fig. 1 ). Therefore, the range of the NP interaction is lower compared to the symmetric case and the PMF is more similar to the interaction of NPs in the bulk, until one of the NPs eventually desorbs (Inset of Fig. 11 ). The picture changes for a combination of poor solvents ( ϵ a = 0.3 and ϵ b = 0.1): also there the majority of the particle resides in the better solvent, but it remains closer to the interface and the chains at the interface are more extended than in the bulk. Hence, the behavior upon approach is more similar to the symmetric solvent systems, including the fact that the particles displace symmmetrically with respect to their equilibrium position upon decreasing R 2d (Inset of Fig. 11 ). In general, we expect that length, grafting density and surface activity of the polymer, in addition to the two solvent qualities, influence the interaction mechanism between the nanoparticles.
Polymers with different solvent affinities

Conclusion
From simulations of isolated nanoparticles it can be seen that the polymer shell around the particle undergoes significant deformation at the interface. Overall the particle shell adopts a lense shape, with the chains expanding in the plane of the interface, which reduces the interfacial area between the two solvent components, decreasing the interfacial free energy, or the unfavourable polymer-solvent interfaces in the case of poor solvents. Increasing the solvent quality decreases the asphericity, due to the polymer chains swelling. When the polymer has a sufficiently distinct affinity for one of the solvent components, the particle can move away from the interface, although a region of high polymer concentration remains in the vicinity of the interface, acting as a surfactant to reduce the interfacial free energy.
Hence changing the solvent affinity also provides a straight forward route to control the effective contact angle of the particle. We have also estimated the adsorption energy from the energy needed to remove a particle from the interface once it is adsorbed. The results are consistent with the high adsorption energy values measured in experiments on polymer shell nanoparticles.
17,54
Using potential of mean force calculations, we found that in the absence of any polymer chains the NP effective interaction is attractive. 55 The polymer shell screens the attraction and the net interaction is repulsive, in a similar manner to sterically stabilised nanoparticles in bulk solution. The strength and range of this repulsion depends on the solvent quality; for nanoparticles at the interface between good solvents the range and strength increases because the polymer chains swell. Increasing the chain length of the polymer shell increases the interaction range. For long chains in poor solvent two distinct length scales may characterise the effective interactions, because a well defined separation may emerge between a solventpoor region between the particles at intermediate distances and the region of high polymer density at much shorter distances, a type of interaction which might favour stripe patterns at the interface. 56 Pushing together the particles causes the particles to detach from the interface, suggesting that at short ranges the repulsion strength becomes comparable to the interfacial adsorption strength for the nanoparticles. When the interaction between the polymer chains and the solvents are the same for both components the change in position relative to the interface is roughly symmetrical. For large solvation disparity, instead, one particle is repelled into the bulk while the other remains in the vicinity of the interface.
As liquid-liquid interfaces are potentially convenient and elegant templates for the formation of nanoparticle structures, understanding the interactions between particles in these environments is a key step in material optimisation. Changing the lengths of attached polymer chains provides a chemically straightforward route to changing the interactions between particles and hence controlling the structure formation, as it has been already observed in experiments. 45, 57 Further work will involve investigations of the effect of polymer density and architecture on the interactions between nanoparticles at liquid interfaces and the use of the effective potentials determined in this work for numerical studies of nanoparticle self-assembly. 
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